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1. INTRODUCTION

Since 1980 the 1,oI~g Valley Caldera  in the eastern Sierra Nevada (California) shows signs of renewed
volcanic activity (Langbein  et al., 1993; Ilill  et al., 1985). Frequent earthquakes, a re-inflation of the caldera,
hydrothermal activity and gas emissions are the outer symptoms of this renewed activity. In 1990 and 1991 several
areas of dying trees were found around Mammoth hfountain.  l?le cause of the dic off of the trees was first sought
in the persistent drought in the preeeding years. However, the trees died regardless of age and species. Farrar et al.
(1995) started a soil-gas survey in 1994 in the dead-tree areas and found carbon dioxide concentrations ranging
from 30 to 96% at soil depths between 30 and 60 cm. CO1-concentrations  in the atmosphere are usually around
0.03 % and in the soil profile CO,-levels  do commonly not exceed 4 to 5 % (Voigt, 1962). AMlough  not much is
known about the effect of high levels of carbon dioxide in the soil profile on roots, it is most likely that the trees
are dying due to oxygen deprivation: the COZ drives the oxygen out of the soil (Drew, 1991; 1.uxmoore ct al.,
1986; Voigt, 1962). So far, four sites of dead trees were mapped around Mammoth Mountain.

The two largest dying trees sites are located near lIorseshos  lake and neai Mammoth Mountain Main 1.odge
covering approximately an area of:l O rcspcxxively 8 ha. Analysis of the gas composition regarding the 311e/411e-
ratio and the percentage biogenic carbon reveals the source of the gas: the magma body beneath the Long Valley
Caklcra (Farrar et al, 1995). lJntil  recently it was not known that volcanoes release abundant carbon dioxide from
their flanks and as diffuse soil emanations (Bautrron et al., 1990). As a result of the magma gas emission around
Mammoth Mountain there isfi exeellcnt  scqucncc  of dead trexx, stressed trees, healthy trees and bare soil surfaces.
This research site provides exeellent  opportunities to:
1. Study the capabilities of imaging spectromctry  to map stressed (and dead) pines and fir speeies;
2. Study methods to separate the vivid vegetation, stressed vegetation and dead vegetation from the soil

background of glacial deposits and crystalline reeks.

The dead tree areas are located on the flanks of Mammoth Mountain (N:37°37  ’45” and W:119°02’05”) at an
elevation between 2600 and 3000 meters. The area is covered by an open type of Montanc Porcst.  l“he dominant
tree spceics are Lodgcpole  Pine (Pinus contorts), the Red Pir (Abics magnifica)  and the Jeffrey Pine (Pinus
jcfft-cyi), The soil surface near IIorseshoe  1.akc is generally fairly bright. The surface is covcrcd by glacial deposits
(till) consisting mainly of weathered granitic rocks.

2. FIELD SPECTRAI, ME:ASURIWENTS

in October 1995 spectral field measurements were carried out in two of the four dead tree sites  using the
JPL FieldSpee  instrument (ASD, 1994). This instrument covers the 350-2500 run spectral region WKng three
individual spectrometers. It samples every 2 nm and the resolution varies between 10 and 11 nm. ‘J”ogWler with
each set of target n~easurements a white reference plate and the instrument’s dark current was detemincd.  Multiple
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]iigurc I: ~;xamples of Fie]d Spectra (n= 8) for ]ittcr and healthy, dead and stressed I,()(fgcpO]e  Pines (Pillus
contorla spp. murrayana).

target measurements were averaged to increase the signal-to-noise ratio. The dark current was subtracted from tile
raw spectral measurements and the white reference measurements were used to convert the raw data to reflectance.
Spectral hehaviour  of several surfaces was measured: healthy trees (several species), stressed and dead trees, the
litter  layer, dead trunks, bare soil surfaces and rock outcrops and some reference sites for radiometric image
corrections. Trees were considered ‘stressed’ if several branches were dead or if at lea$t some of the needles had
lost color.

The field spectra were then anal yzed on their information content regarding healthy, stt essed and dead trees and the
soil background reflectance. The results yield a physical basis for the interpretation of AV1 RIS imagery. Figure 1
show some examples of the collected tield spectra of Lodgcpcde  Pines. The spectra show clearly tllc presence
respectively the absence of the chlorophyll absorption near 680 nm in the healthy and dead Lodgepole Pine spcctla.
Analysis methods applied to the field spectra are 1) standard normalization procedures, 2) first derivative
transform, and 3) convex hull transform and automatic absorption feature finding.

l;irst  derivative analysis (Curran, et al. 1992; Wessman ct al., 1989) is a common method to enhance abfipt
changes in the spectral curve of objects e.g. to enhance the red edge for vegetation, The convex hull transformation
is a method to nonnaliw spectra (De Jong,  1994a; Sedgewick, 1983). The convex-hull technique is analogous to
fitting a rubber band over a spectrum to form a continuum. The difference between the hull and original spectrum
is subtracted from a constant to obtain a hull-difference. Such a normalization of the spectra allows &e application
of quantitative absoq~tion feature characterization.

l’hc figures 2 and 3 and table 1 show some preliminary lcsults.  };igure 1 and 2 show the reduced chlorophyll
absorption for the stressed Lodgepole Pine and the absent chlorophyll absorption for the dead Pine. ~he red edge
or blue shift (Curran et al., 1992) is visible but not very pronounced in the derivative spectra SILOWII in figure 2.
The spcct ral range from 1400 to 1700 displays an increasing brightness with decreasing water content (from
healthy to dead pines to litter). Tile spectra for dead pines and litter show the absorption features for lignin  around
1720 nm, described by Ustin  et al. (1991), Peterson et al. (1988), Wcssman et al. (1989) and Weyer (1985).
lirrtllcnnore,  the range from 1500 to 1750 nm shows a posit ivc first del-ivativc for the vegetative features wllilc
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l(igurc 2: First Dcrivavtive Spectra (500 -850 nm) of }’icld Measurements of a Dead, Stressed and I Icaldly
1.odgcpole  Pine.

non-vegetative objeets are usually ftat or even show the dccreasc of solar energy in this region. I;igure 3 presents
spectra derived from an AVIRIS image of August 23rd, 1994. These norlnali?cd image spectra also display the
lignin  absorption features and the positive S1OPC for vegctaticm between 1500 and 1650 nm. Some first results for
the convex hull transformation of the field spectra (0.4 - ?.. $ pm) are shown in table 1. Water is the most dominant
absorption feature identitlcd  by the automatic absorption feature algorithm. ‘l’he stressed Lodgcpole  Pine shows a
decrease in chlorophyll absorption of approximately 15% compared to the healthy tree. l“he lignin absorption
features for the litter spectrum and for the dead Lodgepole Pine spectrum are only identified if the ‘depth tolerance’
of the algorithm is reduced, Absorption features are then found at 1724 nm with a depth of respectively 1.60 and
3.53.

4. AVIRIS  IMAGE  ANAI.YSIS

‘llrec  AVIRIS images of the Mammoth Mountain region were retrieved from the JPL archive acquired at
the following dates: May 2,1 st 1994, August 23rd, 1994 and June 22nd, 1995. The AVIRIS radiance data were
converted to rethtance using the empirical line method. A linear regression function was computed between the
field reflcdanee  and the AVIRIS data of a dark and a bri@~t  surface (a large asphalt parking lot near Mammoth
Mountain Lodge and a graveI field south of Mammoth Village). Reflcctancc of a number of sites throughout the
three nmlti-temporal  images were compared to verify the results of the empirical line conversion. The next steps in
this research are 1) to study further the AWRIS spectral properties of the dead trees area at Horsesh6c  1.ake, 2) 10
examine the temporal changes of the dead @e$ areas using the AV1 KIS images available for different ‘dates, 3) to
study stress indicators for the Pine trees and 4) to use spectral unmixing  to produce a map of stressed, dead and
healthy trees.

4.1 l)cad Tree Image ‘Jkanswt

In the August 1994 image a transect was put over tlw dead tree area near Ilorseshoe  1.ake. The transect
covers from north-east to south-west: the Ilorrow  pit, strc’ssed trees, dead trees and bare soil areas, dead and
stressed trees and healthy trees. A lonE this transect the sr}cctt al information is analymd regarding chlorophyll ab-
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Nigur’c 3: Normal  izfid  AVJ RIS Spectra (1450 -1800 MN) of IIealthy, Stressed and Dead Pine Spccics near
IIorseshoc  Lake.

sorption, lignin  absorption and stress indicators. Figure 4 shows a 31)  plot of the transect. The Y-axis !s11o$  IIIC
AVIRM spectral bands from 460 to 1250  mu, the X-axis assigns the distance along the transect (total distance is
approximately 1200 m) and the Z-axis reflectance. I]ixcls  74 to 77 (X-axis) show the high reflectance throughout
the spectrum of the bright surface of the Borrow pit. Pixels 62 to 74 cover an area of stressed pine trees, the typical
vegetation shape of the spectrum is still visible but chlorophyll absorption is reduced. Pixels 46 to 60 covers an
area of exchrsively dead trees and of bright soil surfaces of weadlercd granite and glacial till (many trees have been
cut and removed from this former campground). Pixels 20 to 45 show a tt-ansition  zone of stressed and healthy
pine trees. The beginning of the transect is an area of vivid deciduous trees and pine species with a strong
chlorophyll absorption and a significant infrared reflectance.

4.2 Multi- temporal Analysis

A multi-temporal analysis of the three available airborne images was carried out to assess the temporal
changes of forest cover between the first available AV1 RI S scene (940521) and the last acquired image (950622).
The three images were geometrically matched to one another using ground control points and a first degree
polynomial walping algorithm, Next a Normalized Diffcrencc  Vegetation Index (NDV1) was computed for each
image. I arge NDVI values indicate pixels with high proportions of green bioInass,  low values indic&e  pixels of
bare soil, water bodies or built up areas and intermediate values give an indication for differences in coverage with
green vegetation (De Jorrg,  1994b;  Tucker, 1979). The three n]ulti-temporal N1)VI  images were displayed as a red,
green and blue combination and visually interpreted. Different conlbinatioIls  of red, green and blue mark a ChallgC
of NDV1 values, which is an indication for an increase or decrease of vegetative cover. Results show that the
} lorseshoc  I,ake dead {rWharea is fairly constant over the 13 months studied. (My the wcstcra edge of this region
shows some minor enlargement. The second dead tree area further uphill of llorseshoc  lake shows a significant
decrease of NDV1 values over time and hence, an ilofmrtfint  enlargement of the dead tree area since May 1994. At
the western flank of Mammoth Mountain uphill of Samllcr 1,ake another area of diminishing NDVI values was
found. 1( was first idcntificcl  as a fifth, so far unknowl)  dead tree area. llowcver,  image and topofyaphic



Jtigllrc  4: 3.])jmcnsional  p]ot of the AV] RIS ]rnagc Transect mar  }Iorscshoe Lake. “1’lIc ‘l”ransect (kosses  a ~lave]
Pit and Healthy, Stressed and Dead Pine Trees. The X ,Y ,X Axes Represent Respcc.tivcl  y the Distance along the
Transect, the AVIRIS Spectral Range from 460 to 1250 no) and the Reflectance.

interpretation revealed that it is most plobably  an avalanche area where some trees vanished. Fieldwork must reveal
the definite cause of the NDVl drop as differences in snow eovcr halll~n’’xnulti-teil~~ral  image interpretation. The
dead tree areas neat Red Lake and the Mammoth main lodge are unfortunately outside the coverage of this nmlti-
temfmral data set.

4.3 Stress Indicators

l’lle first sign that vegetation is exposed to sm.xs (sencsccnce,  water dcficicncy,  or herbicide) is usually a
decrease of the absorption by chlorophyll (Carter, 1994; Carter & Miller, 1994; }Ioque & IIutzicr,  1992; Ruth et
al., 1991 ). These subtle changes of light absorption are at first detectable at the edges of the chlorophyll absorption
feature i.e. around 605 nm and 695 nm. The plant stress indicators proposed by Carter (1994) were applied to the
field and image spectra to determine its suitability to map the stressed pines near Mammoth. Reflectance ratios as
stress findicator suggested by Carter (1994) use the following bands: 606 and 760 nm, 695 and 420 nm or 695 and
760 mu. If the Mammoth field data (e.g. figure  2) are compared to Carter’s dataset,  a small shift of the chlorophyll
absorption band towards longer wavelengths seems to occur. This shift might be due to different vegetation species
or to a shift in sensor sensitivity. i

carter’s first stress indicator (R606/R760)  applied to the. spectra of figure 1 yields values for healthy, stressed ami
dead pines of 0.22, 0.25 and 0.45 respectively. Carter (1994) reports values determined in the laboratory ranging
from 0.13 to 0.47. The image transect of figure 4 yields values ranging from 0.24 to 0.5 for the trez covered
areas. ‘J’he values for the bare surface areas were not consi(iered. A prerequisite for deriving valuable early stress
indications for trees using AWRIS, requires first a scpalation  of vegetated areas ftom bare areas. The latter is onc
of the topics for future planned work.



Table 1: Results  Automatic Absorption I’eaturc Search.
-. ._, .—.. ——— . —

Wavelcngtb I)qlth Area Asymmetry
IImlthy Z,odgep&’ Pit~c (Pines conlork?):

1.8040 25.2592 3.6183 0.0314
1.4540 22.2009 4.7954 0.4094
0.6860 18.4455 2.2596 2.6633
1.9860 13.6994 0.3587 0.1768
1.9700 13.6013 0.1553 1.9560

Stressed I,odkwolc Pine (Pines conform):
1.8040 18:5023 2.6410 - ‘“””

, 1.4460 17.s540 3.5220
0.6880 14.2796 1.9255
1.9640 12.0939 0.2501
1.7940 11.8013 0.1222

Dead IBdgcpole  Pirie (Pines contorm):
1.8040 25.1266 3.5749
1.9640 14.9782 0.1669
1.9560 14.1485 0.0831
1.4540 13.S969 2.3908
2.1060 11.1379 0.2055
1.7880 10.8838 0.1313

litler:
1.8040 31.5548 4.6171
1.9560 11.5030 0.C454
1.9600 11.3799 0.1287
1.7880 9.1239 0.0661
1.4460 8.0103 1.1761

Ilalthy Red Fir (A bit’s rnagn[~cn):
1.4460 25.3815 4.6679
1.4280 25.222?4 1.0844
1.8040 24.0184 3.4357
0.6880 23.6689 2.9338
1.9640 16.5759 0.2219

—

III the next phase of this skrdy spcctr’al umnixillg (Roberts ct al., 1993; Adams et al., 1993) will be used to
assess the spatial distribution of the stressed and dead trtxs.  A group of spectral end members is currently prepared.
Results will be presented at the workshop.

().044 1

0.3128
3.1891
0.3853
4.3238

0.0278
0.5096
0.5139
0.3469
1.5145
0.5303

0.0400
1.0037
0.2122
0.8646
0.3211

0.0950
20.5118
0.0349
2.9247
1.3108

4.4 Spedral  Unmixing

5. . DISCIJSSION  AND RESUI.’I’S
i

Field and image spxtra  are usd in this study to determine the practical use of AWRJS images ~o survey CO,
induced stress and dead pine trees. First results show eitbcr field and image spectra contain infoma[ion  on the
chlorophyll absorption and a decline of chlorophyll absorption in case of stressed trees. In tJle  dead tree areas tJIc
chlorophyll absorption is absent but tbe presence of dead vcgclat ive material can be revealed from absorption features
in the 1500 to 1750 mu range. The use of multi-temporal AV1 R] S images appeared useful to detect changes of the
surface area of dead and/or stressed trees although the time pcliod  of 13 months is radwr short and some problems were
experienced with differences in snow cover and sun angle. Some preliminary results using AVIRIS  images to derive
stress inciicators  for pine trees are encoura~ing  but mcd fur~lm  study.
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